Hormone-induced reponsiveness of the pineal and adrenal glands was studied in post-pubertal male mice (Mus musculus). The influence of steroid hormones (estradiol and testosterone) and non-steroidal antihormones (tamoxifen and flutamide) on pineal and adrenal karyomorphology and cell proliferation activity was analyzed. Estradiol was injected at a dose of 5µg, testosterone 100µg, tamoxifen 500µg and flutamide 2mg per 100g body weight administered intramuscularly in all cases for ten consecutive days. Control mice were similarly injected with 0.3ml of peanut oil vehicle intramuscularly for the same duration. The results indicated that, except testosterone, all other treatments with estradiol, tamoxifen and flutamide caused significant hyperactivity in both the pineal and the adrenal glands, associated with significantly increased cell proliferation activity. On the contrary, testosterone administration was inhibitory to pineal -adrenal karyometric and mitotic incidence values. It was concluded that in male post-pubertal mice both pineal and adrenal glands show antagonistic response towards estradiol and testosterone administration. Although tamoxifen showed estrogen agonistic behaviour, flutamide conversely induced pineal and adrenal cytophysiological stimulation. Such stimulatory response was antagonistic to the inhibitory response shown by pineal and adrenal karyomorphology and cell proliferation following testosterone administration.
Introduction
Studies relating cell morphology and dynamics responsiveness of both the pineal and adrenal gland through administration of sex steroids and antihormones awaits systematic investigation. It may be construed that understanding the relationship between pineal and adrenal gland is incomplete without studying the pineal-adrenocortical relationship in response to diversely altered steroid milieu.
Studies conducted by Cardinali et al. (1975) reveal that the pineal gland acts as a target organ for both estrogens and androgens. Findings indicate that sex steroids attaining the pinealocytes through systemic administration act as an active modulator of pineal metabolic activity and change in the rate of synthesis of pineal hormones in mammals (Clementi et al. 1965; Karasek et al. 1976a,b; Cardinali & Vacas 1978; Hernandez et al. 1990) . It was later suggested that gonadal steroids modulate melatonin secretion by activating multiple receptors in the pineal gland including modulation of NAT, N-acetyl transferase (Luboshitzky et al. 1997; Okatani et al. 1997; 1998a, b) .
While estradiol is found to increase the nuclear diameters of pinealocytes in juvenile male rats, it fails to have any effect on pineal cytology in juvenile female rats. This hormone however induced mitosis in pinealocytes of juvenile female rats (Sahu & Chakraborty 1986) . Similarly earlier reports from bandicoot rats show pineal stimulation by estradiol . Similarly androgen has also been found to influence pineal activity. Testosterone is actively taken up by the pineal cell in vivo and in vitro (Cardinali et al. 1974b) . Testosterone has also been found to cause inhibition of pineal cellular synthesis (Armer 1976) , whereas it stimulates melatonin synthesis activity in the pineal gland of male rats (Urry et al. 1976) , but it appears to be non-stimulatory, if not inhibitory, to the pineal function in the wild male rodent, Bandicoota bengalensis . Experimental results suggest that influence of androgens on pineal glands are dependent on the dose of testosterone, it may be either stimulated at low dose (Cardinali et al. 1975) or inhibited at higher doses (Nagle et al. 1974; Cardinali et al. 1987 ).
Similar accumulated evidence shows that adrenal cortex secretory function is influenced by gonads and experimental alteration in gonadal status through sex hormone administration. Both estrogen and androgen has long been found to influence adrenocortical function (Chester Jones 1957) . Studies on the effects of natural and synthetic estrogen, in almost all the cases, reveal a markedly stimulating influence of these sex steroids on adrenal cortex as reported in mice, rats and guinea pigs (Tepperman et al. 1943) . Alternate experimental studies show that male rats treated with estrogen show signs of both inhibition (Mckerns et al. 1958; Troop & Possanza, 1962; Kitay, 1963a) and stimulation (Lluarado et al. 1962; Kitay 1963c ) of adrenal gland. More recently it was documented that chronic administration of stilbesterol and estradiol benzoate increases cellular and nuclear volume of zona fasciculata and reticularis of male rats (Nussdorfer 1986 ).
Besides steroid hormones used to study endocrinological aspects, a number of non steroidal hormones that antagonize the action of a particular hormone has been developed. Studies have revealed that non steroidal antihormones like tamoxifen (an antiestrogen) and flutamide (an antiandrogen) have the capability to bind with sex steroid receptors present in the tissue. Tamoxifen acts as a pure estrogen antagonist at a low dose to full estrogen agonist at a higher dose (Rastogi and Chieffi 1975) . Unlike in rats, tamoxifen administered to mice acts as a full estrogen agonist (Furr et al. 1979) and also causes atrophy of steroid sensitive glands (Harper & Walpole 1967) .
It is evident that these non steroidal antihormones have the capability to bind with sex steroid receptors of the target organ and alter their activity. Hence it was speculated that a study of the effect of these antihormones, along with steroid modulation of steroid-sensitive glands (e.g. pineal and adrenocortical activity), will effectively provide first time evidence of their influence on cell morphology, activity, and the nature of cell proliferation in the pineal and adrenal cortex of male post-pubertal mice.
Material and methods
The pineal adrenocortical relationship was manipulated through administration of sex steroid hormones and antihormones in post-pubertal male mice following acclimatization to the laboratory conditions for three days. The post-pubertal male mice (Charles Foster Strain) weighing between 15-18 g were used for the current study. A total of thirty-five post-pubertal male mice were used for the experiment.
Control
Post-pubertal male mice (N=7) received 0.3 ml of peanut oil vehicle daily during the entire experimental schedule of ten consecutive days.
Estradiol treatement
Estradiol valerate (Progynon Depot., Schering AG, Germany) was diluted in peanut oil vehicle and administered to post-pubertal male mice (N=7) daily at a dose of 5 µg/100 gm body weight .
Tamoxifen treatment
Postpubertal male mice (N=7) daily received antiestrogen tamoxifen (Tamoxifen citrate, Lyka Labs Ltd, India) in peanut oil vehicle at a dose of 500 µg/100 gm body weight (Rastogi & Chieffi 1975) .
Testosterone treatment
Testosterone enanthate (Testosterone Depot, Schering AG, Germany) diluted in peanut oil vehicle was injected daily to each post-pubertal male mouse (N=7) at a dose of 100 µg/100 gm body weight .
Flutamide treatment
Post-pubertal male mice (N=7) received flutamide (Flutide, Samarth Pharmaceuticals, India) in peanut oil vehicle daily at a dose of 2 mg/100 gm body weight (Gromoll et al. 1993) .
All the injections were given intramuscularly in alternate thigh muscle daily for ten consecutive days. The mice were housed in photoperiodic chambers fitted with fluorescent light and an exhaust fan. The daily photoperiod 12L: 12D lights on at 6.00 hours and off at 18.00 hours were controlled by timer switches (Surrey, U.K.). The animals were supplied with mice pellets and water ad libitum.
The experimental animals were maintained and used as per guidelines of Institutional Animal Ethics Committee, University of Calcutta accredited by the committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Environment and Forest, Govt. of India.
On the day of autopsy, i.e., on the eleventh day of experiment, the animals were injected with colchicine (0.1 mg / 100 gm body weight) to obtain metaphase arrested mitotic cells. The animals were killed by an overdose of ether six hours after colchicine treatment (Quay & Levine 1957; Maiti & Chakraborty 1980; Chakraborty & Maiti 1981 ) approximately twenty-four hours after the administration of last dose of the drug. Both the pineal and adrenal glands were excised out, fixed in Bouin's fixative and routine processes required for histological study were performed.
Extensive studies have shown that in pineal and adrenal glands, an active phase is characterized by an increased nuclear size, indicating synthesis activity, whereas inhibition of pineal and adrenal is characterized by a decreased nuclear size. In all cases, pineal (Quay 1976; Chakraborty 1981 Chakraborty , 1993 Chakraborty , 1994 Chakraborty & Maiti 1981; Chakraborty et al. , 1982 Chakraborty et al. , 1994 Diehl et al. 1984; Sahu & Chakraborty 1983 , 1986 Chaudhuri & Maiti 1989; Hira et al. 1989; Martinez Soriano et al. 1990; Bandyopadhyay et al. 2000) and adrenal (Miller 1954; Maitra & Chakraborty 1983; Maitra 1987; Chakraborty 1994 ) cytological studies were made from mid-sagittal paraffin section of 5 µm thickness, stained with haematoxylin-eosin and observed under oil immersion (15 ocular x 100 objective). Only the right adrenal glands were used for histological studies.
Karyomorphology
Morphometric evaluation of at least 150 oval to round nuclei were made from each of the five randomly selected mid-sagittal sections per specimen. Furthermore, nuclear diameters of the adrenal cortex were randomly measured zone wise. In all cases, nuclei were measured under oil immersion using 15 ocular x 100 objective lenses along with ocular micrometer scale. All the ocular diameter values were then converted to µm values. Individual value of the specimen was the mean values of the five sectional measurements. The final mean values of the experimental group were computed from these individual measurements.
Karyodynamics
The number of colchicine arrested metaphase cells or the mitotic figures have been considered as an index for cell proliferative activity (Quay & Levine 1957; Maiti & Chakraborty 1980; Chakraborty & Maiti 1981; . In the present work, the numbers of mitotic figures found in the pineal and adrenal cortex were recorded from each section under oil immersion (15 ocular x 100 objective). The number of metaphase cells per hundred cells was counted from five randomly selected mid-sagittal sections per animal, and these counts were expressed as mitotic percentage (M%) for the morphometric analysis.
Statistical analysis
Values were presented as the means of the observations following experimental manipulation. All the karyomorphological and karyodynamic values for the control and treated mice were compared and the levels of significance were statistically evaluated by student's 't' test (Winer 1971) and ANOVA (Microcal Origin, Version 4.00).
Results

Pineal Gland
Control oil vehicle
Conventional staining of histological sections of the pineal gland reveals the gland as a solid, homogenous, parenchymatous mass, comprising of pinealocytes of various sizes, with round to oval nuclei (Fig 1) .
Estradiol treatment
Estradiol injection in post-pubertal male mice produced a significant change in the glandular parenchyma, indicating hyperactivity of the gland. The cells showed secretory appearance, revealed by a pinealocyte nucleus, containing single distinct nucleolus and less dense chromatin material. The pinealocyte nuclei exhibited an increase in diameter (p<0.001) along with a notable hyperplasia (p<0.001) (Figs 2, 11 and 12).
Tamoxifen treatment
Administration of tamoxifen induced an estrogen agonist activity in the pineal cells. Histological observations revealed the presence of oval nuclei with prominent nucleolus and loose, indistinct chromatin materials (Fig 3) . This treatment manifested significant increase in nuclear diameter (p<0.001) and mitotic incidence (p<0.001, Figs 3, 11 and 12).
Testosterone treatment
A significant atrophy of the pineal gland of post-pubertal male mice was observed following testosterone treatment. The pineal parenchyma exhibited oval nuclei with indistinct nucleolus and granular chromatin material (Fig 4) . It induced a perceptible decrease in the nuclear size (p<0.001) and mitotic incidence (p<0.05, Figs 4, 11 and 12).
Flutamide treatment
Antiandrogen, flutamide, acted as a true androgen antagonist, inducing hyperactivity of the pineal gland. The pinealocyte nuclei showed the presence of a prominent nucleolus and loose chromatin material (Fig 5) . This alteration in the glandular activity was evident from the increased nuclear diameter (p<0.05, Fig 11) and cell proliferative activity (p<0.001, Fig 12) .
Results from one-way ANOVA of pinealocyte nuclear diameters [F(4,30) = 123.12, p<0.001] and mitotic incidence [F(4,30) = 13.06, p<0.001] in groups administered with oil vehicle (control), estradiol, tamoxifen, testosterone and flutamide reveal significant differences in the mean values and thus indicating significant changes between the experimental groups.
Adrenal cortex
Control oil vehicle
Microscopic anatomy of the adrenal cortex in post-pubertal male mice comprised of three distinct zones, namely, zona glomerulosa, zona fasciculata and zona reticularis, that exhibited nuclei with prominent nucleolus and granular chromatin material. Mitotic figures are shown in Fig 6. 
Estradiol treatment
Chronic estradiol administration produced a convincing hyperactivity of the adrenal cortex. The cortical nuclei exhibited distinct large nucleolus and not very distinct chromatin material. The glomerulosa zone showed the presence of definitely oriented cells with distinct, large nuclei (p<0.001, Fig 7) . Similarly, the cords of polygonal cells of both zona fasciculata and zona reticularis also showed significant compactness along with increased nuclear diameter (p<0.001, Figs 7 & 13). This treatment was also found to induce a notable increase in mitotic incidence (p<0.001, Fig 14) .
Tamoxifen treatment
Administration of tamoxifen manifested significant hyper-activity of the adrenal cortex, followed by appearance of nucleus with prominent, large nucleolus and less compact chromatin material (Fig 8) . Cells of the glomerular zone contained large oval nuclei (p<0.05, Fig 13) as also observed in the cells of the fasciculata (p<0.01, Fig 13) and the reticularis (p<0.01, Fig 13) zones of the adrenal cortex. This change was accompanied by significant hyperplasia (p<0.05, Fig 14) . It was noted that all the three zones exhibited specific orientation and the cells of zona fasciculata and reticularis appeared as compact cords of polyhedral cells.
Testosterone treatment
Testosterone treatment induced drastic atrophic changes in the histological aspect of the adrenal cortex in post-pubertal male mice. It was noted that the nuclei of each zone possessed indistinct nucleolus and granular chromatin material (Fig 9) . The cells of glomerulosa lacked specific orientation while the cells of both fascicular and reticularis zones appeared as loose cords. This atrophy was evident from the decrease in nuclear size in zona glomerulosa (p<0.001, Fig 13) , zona fasciculate (o<0.001, Fig 13) and zona reticularis (p<0.001, Fig 13) . This alteration was followed by a concomitant hypoplasia (p<0.001, Fig 14) .
Flutamide treatment
Flutamide, an antiandrogen acted as a true androgen antagonist as revealed by the hypertrophic characteristic of the adrenal cortex. Histological studies revealed that the cortical cells of all three zones possessed specific arrangement and the cords of cells of fasciculata and reticularis zones appeared more compact. The nuclei contained prominent, large nucleolus and loose chromatin material (Fig 10) . This change was indicated by increased nuclear size of zona glomerulosa cells (p < 0.01, Fig 13) , zona fasciculata cells (p < 0.001, Fig 13) and zona reticularis cells ( p < 0.01, Fig 13) along with a notable increase in mitotic incidence (p < 0.001, Fig 14) .
Results from one way ANOVA for adrenocortical nuclear diameters [F(4,30) 
Discussion
Current quantitative morphology, as evident from karyometric values and associated histological studies, indicate that both pineal and adrenocortical cytology show differential response to altered steroid milieu, induced by exogenous administration of sex steroids and non-steroidal antihormones.
It is interesting to note that the cytophysiological changes indicated by karyomorphological alterations in the pineal gland (Quay 1976; Diehl et al. 1984; Sahu & Chakraborty 1983 , 1986 Hira et al. 1989; Martinez Soriano et al. 1990 ) and adrenal cortex (Miller 1954) in mammals provide significant indices of the nature of activities of these glands.
Evidence reveals that the pineal gland influences the gonadal activities and that a reciprocal effect of the gonads on the pineal function also exists (Wurtman et al. 1965) indicating that our present study is in confirmation with earlier suggestion that the pineal gland acts as a target organ for the sex steroids (Cardinali et al. 1975) . Both estrogen and testosterone are taken up by the pineal gland and metabolized within the pinealocytes (Nagle et al. 1972; Cardinali et al. 1974b ) which in turn influences the biosynthetic pathway of the gland.
It is apparent from the present study that pineal cellular response to estradiol and testosterone in postpubertal male mice are inverse of each other. The pineal gland reacts to estradiol input by becoming significantly hyperactive, in so far as the synthetic phase of the pineal parenchymal cells is concerned. This is evident from the augmented pinealocyte nuclear size and mitotic incidence. Conversely, exogenously administered testosterone initiated the inhibition of the cellular synthetic process in the gland, indicated by reduced nuclear diameter and the pineal cells' proliferative activity.
The current observations are supported by studies that show exogenous estradiol to induce hyperactivity of the pineal gland (Clementi et al. 1965) and thereby resulting in the stimulation of the pineal cellular synthetic process in both male adult ) and juvenile (Sahu & Chakraborty 1986) rats. This hormone also induced mitosis in pinealocytes of juvenile rats (Sahu & Chakraborty 1986 ).
Biochemical analysis, authenticating the histological findings, reveals that the female sex steroids augment the pineal content of DNA, RNA and proteins in mammals (Nir et al. 1970) . In female rats hydroxyindole-O-methyltransferase (HIOMT) activity is either enhanced (Houssay & Barcelo 1972) or depressed (Wurtman et al. 1965) by lower or higher dose of estrogen respectively. Other in vitro and in vivo experiments also show that estradiol augments HIOMT (Mizobe & Furokawa 1976 ) melatonin synthesis resulting in an increase in pineal melatonin content in both rats and guinea pigs (Cardinali et al. 1987) . However, in contradiction, recent publications suggest that estrogen modulates both nocturnal pineal melatonin synthesis and adenylate activity in peripubertal female rats, indicating inhibition of the pineal activity (Okatani et al. 1997 (Okatani et al. , 1998a .
Male sex hormone, androgen, induces inhibition of the pineal cellular synthetic activity in hamsters (Armer 1976) while it fails to influence the gland's function in wild male rats . In vitro experiments in rats reveal that testosterone reduces the melatonin content of the pineal gland (Cardinali et al. 1987) thus supporting the present results which imply that the male sex steroid acts as an inhibitor of the pineal gland activity. Similarly, large dose of androgen inhibits HIOMT activity (Nagle et al. 1974 , Cardinali 1981 ) while a small dose of this hormone augments the enzyme activity (Cardinali et al. 1975; Cardinali 1981) .
Our current investigation corroborates earlier suggestion that the pineal gland acts as the target organ for both estrogen and testosterone in mammals (Cardinali et al. 1975) . From these studies it was evident that the sex steroids attaining the pinealocytes through systemic circulation act as an active modulator of pineal metabolic function and thereby alter the rate of synthesis of pineal melatonin in mammals (Clementi et al. 1965; Nagle et al. 1972; Cardinali et al. 1974b Cardinali et al. , 1975 Karasek et al. 1976a,b; Cardinali & Vacas 1978; Hernandez et al. 1990 ).
Earlier experiments elucidate that both natural and synthetic estrogens have a stimulatory influence on the adrenal size in mammals, particularly in mice, rats and guinea pigs (Tepperman et al. 1943) . However, exceptions to these findings indicate that estrogen reduces the adrenal size in immature rats (Clausen & Freudenberger 1939; Seyle & Albert 1942) . Thus, the results indicate that estrogen either inhibits (Mc Kerns et al. 1958; Troop & Possanza 1962; Kitay 1963a) or stimulates (Lluarado et al. 1962; Kitay 1963c ) the adrenal glands.
The present study supports the idea that the adrenocortical cellular morphology can be influenced by exogenously administered estradiol in postpubertal male mice. Estradiol valerate administration in postpubertal male mice increase the nuclear diameter in all the three zones -zona glomerulosa, fasciculata and reticularis of the adrenal cortex with further intensification of the overall picture of cortical hypertrophy and enhanced mitotic percentage. It may be mentioned here that our findings also corroborated earlier experiments where chronic administration of stilbestrol and estradiol benzoate increased cellular and nuclear volume in the zona fasiculata and retucularis (cf Nussdorfer 1986).
Besides the female sex steroids, male sex hormone, androgen, influences the adrenocortical functions (Kime et al. 1980) . Previous experimental observations elucidate that testosterone either produces atrophy of the adrenal glands or fails to induce any alteration in the cortical activity (Nathanson & Brues 1941 ).
The present investigation reveals that exogenous testosterone induced an inhibitory effect on the adrenocortical activity as reflected by the significant reduction in the nuclear size in all the three zones of adrenal cortex along with a concomitant decrease in mitotic incidence. These results are authenticated by earlier biochemical reports where higher doses of testosterone depress both corticosterone production by adrenal slices (Kitay et al. 1966) and adrenal steroid content (Roy & Mahesh 1964) . Furthermore, cortisol synthesis in bovine adrenocortical cells is diminished in the presence of testosterone and dihydrotestosterone (Issacson et al. 1993) . However, these observations are in conflict with previous reports, where low doses of testosterone enhanced adrenal slice performance (Kitay 1963b) .
The experiments conducted on postpubertal male mice have shown that non-steroidal antiestrogen, tamoxifen induces significant hypertrophy of both pineal gland and adrenal cortex as indicated by the increased pinealocyte and adrenocortical nuclear size. These changes are accompanied with enhanced mitosis in the pineal gland and adrenal cortex. The hyperactivity of both pineal and adrenal cortex induced by tamoxifen is similar to the results obtained following estradiol administration in postpubertal male mice. This estrogen agonist activity of tamoxifen is supported by earlier reports where tamoxifen administered at high dose produces results similar to estrogen treatment (Rastogi & Chieffi 1975) . Investigators believe that tamoxifen binds with specific sex-steroid receptor sites of the tissues and thereby act either as a steroid agonist or antagonist (Rastogi & Chieffi 1975 , Koseki et al 1977 .
Similarly, non-steroidal antihormones, flutamide used in the present experimental study, enhance the pinealocyte nuclear size, leading to hyperactivation of the pineal gland. This experimental observation is supported by studies showing that administration of antiandrogens -cyproterone and cyproterone acetate --increased the pineal synthetic activity (Gusek 1971 (Gusek , 1976 .
Simultaneously, exogenous flutamide seemed to stimulate adrenocotical function. This is reflected in the occurrence of large-sized nuclei in the entire adrenocortical zones, namely glomerulosa, fasciculata and reticularis unlike in previous studies where cyproterone acetone induced atrophy of zona fasciculata and reticularis in adrenal cortex of both juvenile and adult rats (Stadtler & Langner 1985) . In another experiment, flutamide failed to induce any alteration in adrenal steroidogenesis in guinea pigs (Belanger et al. 1992 ).
To summarize our findings it may be stated that estradiol and testosterone influence on pineal and adrenocortical relationship is in effect opposite in nature, at the dose and duration applied to male post-pubertal mice in our experiments. While estradiol was stimulatory to pineal and adrenocortical karyomorphology and cell proliferation, testosterone on the contrary was inhibitory to both pineal and adrenocortical function as substantiated by hypoactivity and hypoplasia of cell activities. Influence of non-steroidal antihormones showed disparity. Effect of tamoxifen was that of an estradiol agonist, inducing significant hypertrophy and hyperplasia of both pineal and adrenal cortical cells. Flutamide, on the other hand, acted as a potent antiandrogen at the dose and duration employed, and unlike testosterone, it caused pineal and adrenocortical stimulation as demonstrated by enhanced nuclear diameter and cell proliferation of pineal and adrenal cortex in male mice. 
